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Abstract. Water balance of wetlands within lowland ﬂood-
plains is strongly inﬂuenced by the temporally variable spa-
tial extent of the interactions between groundwater and sur-
face water. A robust algorithm will be introduced which
makes it possible to delineate the interaction zone between
the lowland river and the ﬂoodplain. This interaction zone
is speciﬁed as the “Direct Catchment” which is deﬁned by
the part of the connected ﬂoodplain in which wetland wa-
ter balance is mainly affected by the surface water dynamics
of the adjacent river. The delineation algorithm is based on
transfer functions which were assessed by local simulation
results of the integrated water balance and nutrient dynam-
ics model IWAN. The transfer functions are further deter-
mined by mean annual groundwater depths and by simulated
groundwater dynamics. They are controlled by simulation
results of the maximal transversal extent of surface water in-
ﬂuence on groundwater stages. The regionalisation of the
developed delineation algorithm leads to the speciﬁcation of
the maximal extent of groundwater – surface water – inter-
action processes along the river. By application of this ap-
proach to the Havel River basin, located within lowlands of
Northeaster Germany, it was possible to specify a 998.1km2
part of the ﬂoodplain which is directly connected with the
surface waters and thus called the “Direct Catchment” of the
Havel river. The IWAN model was applied to simulate the
water balance of the ﬂoodplain. The simulation results prove
the tight interaction between river and ﬂoodplain. It is shown
that the spatially and temporally variable inﬂuences of the
connected ﬂoodplain on the river discharge were only impor-
tant during low discharge in summer.
Correspondence to: S. Krause
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1 Introduction
For successful simulation of water balance and nutrient dy-
namics within river ﬂoodplains an adequate reﬂection of the
runoff generation and water balance processes is necessary.
Thus, also groundwater – surface water – interactions have
to be implemented into an advanced model concept (Krause
2004a, c; Sophocleous, 2002).
The identiﬁcation and consistent classiﬁcation of model
boundaries are fundamental demands for correct and unique
solutions of the descriptive equations of any model. For an
adequate reﬂection of water balance and nutrient dynamic
processes information about the extent of the model area,
the model geometry as well as the conditions on the model
boundaries is required. In hydrological sciences distributed
mesoscale models based on raster approaches as well as on
hydrotopes are usually applied to catchment and subcatch-
ment units.
Delineation of watersheds within lowland ﬂoodplains
basedonautomaticdigitalterrainanalysisalgorithmsisoften
not possible because a minimal extent of topographical het-
erogeneity is required (topographic gradients are too small
compared to the resolution of the DEM).
Furthermore wetland water balance is strongly affected by
groundwater processes as well as by the interactions between
groundwater and surface water. Therefore the consideration
of the surface watershed alone is not suitable for the charac-
terisation of process boundaries.
The spatial extent of the delineated surface watershed does
often not match with the groundwater catchment boundaries.
A further problem is caused by the interaction between river
and ﬂoodplain. Runoff, which is generated within the ﬂood-
plain, discharges into the main river via tributaries but also
by the way of interactions between groundwater and surface
water (Fig. 1).2 S. Krause and A. Bronstert: Catchment delineation and water balance modelling Figure 1: Floodplain area with tributaries (white) and areas without single point outlets which 
are characterised by spatial interactions with the river (grey) 
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Fig. 1. Floodplain area with tributaries (white) and areas without
single point outlets which are characterised by spatial interactions
with the river (grey).
For adequate reﬂection of the spatial distribution of wa-
ter balance and nutrient dynamic processes within the ﬂood-
plain, the “Direct Catchment” of the corresponding river has
to be delineated. This “Direct Catchment” is deﬁned as part
of the ﬂoodplain in which the water balance is mainly inﬂu-
enced by surface water dynamics (Fig. 2).
The simulation of the speciﬁc hydrological characteristics
of ﬂoodplains as well as the adequate reﬂection of water bal-
ance and groundwater processes is possible using the IWAN
model (Krause, 2004a, c), which enables the integrated mod-
elling of water balance and groundwater dynamics of ﬂood-
plains. This model also reﬂects interaction processes be-
tween the groundwater of the ﬂoodplain and the surface wa-
ter.
2 Materials and methods
2.1 The IWAN model
The IWAN model is based on the coupling of the determin-
istic distributed hydrological model WASIM-ETH (Niehoff,
2002; Schulla, 1997) with the numerical, ﬁnite difference
based groundwater model MODFLOW (Chiang, 2001; Har-
baugh, 1996a, b). WASIM-ETH is used for the simula-
tion of runoff generation as well as water balance within the
unsaturated zone whereas MODFLOW simulates the lateral
groundwater ﬂow and the interaction with the surface water.
The water balance routines of the IWAN model were cali-
brated and successfully validated for several subcatchments
within the Lower Havel ﬂoodplain (Krause, 2004a, b). The
applicability of the model was tested by event based simula-
tions as well as by perennial simulations of water balance in-
cluding the simulation of landuse change scenarios (Krause,
2004b, c).
Figure 2: The spatial extent of the “Direct Catchment” as the zone within the floodplain which 
is characterised by the interaction between groundwater and surface water  
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Fig. 2. The spatial extent of the “Direct Catchment” as the zone
within the ﬂoodplain which is characterised by the interaction be-
tween groundwater and surface water.
2.2 Delineation of the “Direct Catchment”
The presented approach assumes that the delineation of the
direct interaction zone between river and ﬂoodplain can be
achieved by the analysis of the spatial extent of the dy-
namic interaction processes between groundwater and sur-
face water. The delineation algorithm (Fig. 3) is based on the
analysis of geomorphological, topographical and hydrologi-
cal characteristics of intensively investigated subcatchments
within the ﬂoodplain (Krause, 2004c).
In a ﬁrst step of the delineation algorithm (Fig. 3) the dig-
ital elevation model (spatial resolution of 50m, vertical res-
olution of 0.1m (mean vertical error +/−2m) was improved
by topographical maps (1:10000), surveying and the analysis
of laser scan data at some areas. These corrections were nec-
essary because of an insufﬁcient quality of the original DEM
data which was mainly caused by digitalisation errors while
its generation as well as by compaction of organic soils due
to drainage and degradation. In a second step surface wa-
tersheds within intensively studied areas were delineated by
digital relief analysis (Fig. 3). Because surface watersheds
and subsurface watersheds usually differ in lowland areas,
delineation of surface watersheds only is not sufﬁcient for
speciﬁcation of interaction zones within the intensively in-
vestigated areas. Thus, the consideration of further ﬂood-
plain characteristics became necessary to identify the “Direct
Catchment” area.
Experimental investigations within the Havel River basin
prove that annual groundwater stage dynamics of the shal-
low groundwater of the ﬂoodplain were mainly determined
by the inﬂuence of surface water stage dynamics (Krause,
2004c). A general decrease of groundwater stage dynamics
with increasing distance to the main river as well as rela-
tively low groundwater depths within the surface water inﬂu-
enced ﬂoodplain and higher groundwater depths within the
more peripheral moraine regions at the ﬂoodplain boundary
could be detected (Krause, 2004a, c). Thus, the analysis of
groundwater depth distribution is an appropriate strategy forS. Krause and A. Bronstert: Catchment delineation and water balance modelling 3
Figure 3 Delineation algorithm for spatial specification of the “Direct Catchment” extent as 
part of the Lower Havel River floodplain 
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Fig. 3. Delineation algorithm for spatial speciﬁcation of the “Direct
Catchment” extent as part of the Lower Havel River ﬂoodplain.
the identiﬁcation of areas characterised by higher groundwa-
ter depths and less inﬂuence of surface water stage dynamics.
An analysis of the mean annual groundwater depths within
the surface watersheds, speciﬁed within step two, detected
that more than 95% of the area is characterised by groundwa-
ter depths less than 2m (Fig. 4). Assuming that areas above
this value are not only characterised by higher groundwa-
ter stages but also by less interaction to the surface water, a
threshold of max. 2m groundwater depth was chosen as the
ﬁrst selection criterion to delineate the area of direct interac-
tion between groundwater and surface water.
A map of interpolated observed groundwater depths at
the entire Havel River basin was used for spatial intersec-
tion of the areas which fulﬁl this ﬁrst criterion. Data for
this map were originated from observations of the environ-
mental agency of the country Brandenburg (LUA) as well as
from own measurements. Within a third step this intersec-
tion resulted in a selection of areas which were located in
the direct neighbourhood of the Havel River, but also areas
which are hydraulically unconnected with the Havel River
were captured. Hence, in a fourth step, an additional se-
lection criterion was established. This criterion was based
on the dependence of seasonal groundwater stage variability
on the intensity of the groundwater – surface water – inter-
actions which is determined by the river distance. There-
fore results from previous water balance simulations using
the IWAN model within the intensively investigated areas
(Krause, 2004c) were analysed.
Water balance simulations within these subcatchments
show a strong decrease of simulated seasonal groundwater
stage variability within a mean river distance of 1200m and
prove the cause of these effects by the inﬂuence of the river
stage dynamics (Krause, 2004a). Thus, as a second selection
criterion a 1200m buffer zone along the river was chosen for
the speciﬁcation of the direct catchment extent (Fig. 3). Af-
ter intersection of the buffer strip the selected boundaries of
the direct catchment have been furthermore corrected due to
the consideration of artiﬁcial drainage structures. The imple-
mentation of these artiﬁcial structures represents a control of
Figure 4:  Distribution of mean annual groundwater depths within delineated intensively 
investigated subcatchments of the Havel River 
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Fig. 4. Distribution of mean annual groundwater depths within de-
lineated intensively investigated subcatchments of the Havel River.
the consistency of the assumption concerning the catchment
boundaries which is necessary to ensure adequate reﬂection
of model boundary conditions. In a last step the selected
boundarieswereadditionallyveriﬁedbythecomparisonwith
surface subwatershed boundaries provided by the LUA.
3 Results and discussion
The 998.1km2 “Direct Catchment” ﬁnally speciﬁed is pre-
sented in Fig. 5. For the analysis of water balance character-
istics within the “Direct Catchment” and of the mutual im-
pacts of groundwater and surface water, a 12 years period
(01.01.1988–31.12.1999) was simulated using the IWAN
model. For the characterisation of the atmospheric and the
river boundary conditions measured values were used. Fig-
ure 6 shows the simulated groundwater recharge, consist-
ing of percolated precipitation water as well as of inﬁltration
from the river, for the entire “Direct Catchment”.
Intensive dynamics of alternating groundwater recharge
and groundwater discharge periods are obvious. The sim-
ulation results show a seasonal periodicity with groundwa-
ter recharge during winter and groundwater discharge during
summer. Groundwater recharge dynamics between several
years differ intensively.
While in the beginning and in the end of the simulation
period groundwater recharge varies signiﬁcantly, the period
from 1995 to 1998 is relatively balanced. Analysing the
in- and outﬂows from groundwater to the surface water and
vice versa dynamics similar to the dynamics of groundwater
recharge can be observed (Fig. 7).
In addition the in- and outﬂows vary in a seasonal peri-
odicity. Groundwater usually feeds the river during summer.
During wintermostly surface waterinﬁltration to the ground-
water occurs. Although groundwater exﬁltration during sum-
mer is relatively balanced, the surface water inﬁltration dur-
ing winter varies more intensively between singular years.
Comparing the dynamics of groundwater recharge/discharge
periods with the dynamics of groundwater exﬁltration and4 S. Krause and A. Bronstert: Catchment delineation and water balance modelling Figure 5 Specified 998.1 km
2 “Direct Catchment” of the Havel River basin 
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Fig. 5. Speciﬁed 998.1km2 “Direct Catchment” of the Havel River basin.
Figure 6 Simulated groundwater recharge of the “Direct Catchment” for the period 1988-1999 
(groundwater recharge is characterised by positive values, groundwater discharge by negative 
values) 
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Fig. 6. Simulated groundwater recharge of the “Direct Catchment”
for the period 1988–1999 (groundwater recharge is characterised by
positive values, groundwater discharge by negative values).
surface water inﬁltration it is obvious that the dynamics of
groundwater recharge are mainly inﬂuenced by the interac-
tions between the river and the groundwater. These results
are supported by previous studies of smaller subcatchments
of the Havel River which also prove the major importance of
groundwater – surface water – interactions for the ﬂoodplain
water balance (Krause, 2004a, c).
Additionally, when analysing the proportion of the
groundwater exﬁltration of the total amount of runoff which
is generated between upstream and downstream gauges (in-
cluding also the inﬂows from tributaries) the importance of
the interactions between river and adjacent ﬂoodplain be-
comes more clear. As presented in Fig. 8, the mean annual
variability (averaged over entire simulation period) of the
fraction of groundwater exﬁltration from the “Direct Catch-
ment” on the total discharge is characterised by relatively
 
 
Figure 7: Simulated interaction between groundwater and surface water for the simulation 
period 1988 – 1999 (positive values represent groundwater exfiltration to surface water, 
negative values surface water infiltration to groundwater) 
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Fig. 7. Simulated interaction between groundwater and surface wa-
ter for the simulation period 1988–1999 (positive values represent
groundwater exﬁltration to surface water, negative values surface
water inﬁltration to groundwater).
 
 
Figure 8: Temporal dynamics of the runoff fraction generated within the direct catchment on 
the total discharge of the Havel River 
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Fig. 8. Temporal dynamics of the runoff fraction generated within
the direct catchment on the total discharge of the Havel River.S. Krause and A. Bronstert: Catchment delineation and water balance modelling 5
balanced conditions between groundwater exﬁltration and
surface water inﬁltration from autumn to spring.
The fraction of groundwater supply from “Direct Catch-
ment” on total river discharge is relatively unimportant dur-
ing this period. In contrast, groundwater exﬁltration con-
tributes with up to 30% on the total discharge of the Havel
River during summer. Considering the low discharges of the
Havel River during summer, the high ecological and hydro-
logical importance of the groundwater contributions to the
river discharge at this period is obvious.
4 Summary
By applying the presented delineation algorithm to the
ﬂoodplain of the Lower Havel River the “Direct Catchment”,
which is characterised as the interaction zone between river
and ﬂoodplain, could be speciﬁed. Due to the speciﬁcation
of this spatially discrete zone by the maximal extent of the
most important processes on ﬂoodplain water balance, a
correct deﬁnition of boundary characteristics and adequate
modelling of water balance within the ﬂoodplain became
possible. The application of the IWAN model allowed
the analysis of the dynamics of groundwater recharge and
groundwater discharge periods. It furthermore proved the
mutual impact of interactions between surface water and
groundwater which cause groundwater exﬁltration to the
river as well as surface water inﬁltration to the groundwater
in a seasonal periodicity. It could be shown that groundwater
dynamics and also the water balance of the ﬂoodplain are
mainly affected by the impact of groundwater – surface
water – interactions respectively. An analysis of the impact
of these interactions on the river discharge has shown that
the most important impact occurs during low discharge
periods in summer when groundwater supply produces up to
30% of the total discharge.
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